1. Introduction {#sec1}
===============

The demand for light alkenes like ethylene, propene, and butene has increased in the past years, as they are widely employed as building blocks in a wide range of polymer and petrochemical production processes.^[@ref1]−[@ref4]^ At the same time, the recent boom of natural gas production, e.g., from shale gas, increased the availability of C~2~ to C~4~ alkane raw materials.^[@ref1],[@ref5],[@ref6]^ Conventional methods to produce light olefins are steam cracking and fluid catalytic cracking (FCC) of naphtha, light diesel, and other crude oil distillation cuts.^[@ref1],[@ref2]^ Recently, alternative on-purpose routes have gained increasing industrial attention, in particular to meet the growing demand for propene.^[@ref7]^

Catalytic dehydrogenation is a highly endothermic reaction, and at elevated temperatures side reactions such as cracking, hydrogenolysis, and isomerization are likely to occur.^[@ref3]^ The formation of byproducts and the resulting coke deposits leads to a decrease in catalyst selectivity and rapid catalyst deactivation. These are the main problems of typical dehydrogenation catalysts like Pt on alumina, CrO~*x*~, or Ga~2~O~3~.^[@ref1],[@ref2],[@ref6],[@ref8]^

To overcome these limitations, Taccardi et al. have recently developed a new type of dehydrogenation catalyst called supported catalytically active liquid metal solutions (SCALMS).^[@ref9]^ Low amounts of catalytically active noble metals, like Pd, are dissolved in Ga and supported on a porous support, like SiO~2~ or Al~2~O~3~.^[@ref10]^ Ga is well-known to dissolve most transition metals and to form various intermetallic compounds (IMCs).^[@ref11]−[@ref15]^ The catalytic activity of GaPd IMCs has been proven in previous studies, e.g., for hydrogenation of acetylene and methanol steam reforming.^[@ref11],[@ref16]^ The key difference of SCALMS to previous work on IMCs is that only very low amounts of noble metals are employed, which tremendously decreases the melting temperature of the system. Under dehydrogenation conditions (\>350 °C) a homogeneous and liquid Ga/noble metal phase is present instead of a crystalline IMC. SCALMS perform with high selectivity and without coke formation in butane dehydrogenation.^[@ref9]^ It was proposed that isolated noble metal atoms on the surface of the inert, liquid Ga matrix act as catalytically active sites. Thus, SCALMS can be described as a new type of single-atom catalyst (SAC). The concept of site isolation has already been exploited e.g., like in Pt-containing single-atom alloys (SAAs) or PdZn alloys to efficiently suppress coke formation.^[@ref17],[@ref18]^ Moreover, it has been reported that application of PtCu SAAs strongly suppresses CO poisoning during the semihydrogenation of acetylene.^[@ref19]^

This study presents a detailed characterization of a Pt-containing SCALMS and comparison with the respective Ga/Al~2~O~3~ and Pt/Al~2~O~3~ systems under operando conditions. We investigate the catalytically active Pt sites and determine how the noble metal is affected by the presence of a liquid Ga matrix. To that aim, we investigate Ga/Al~2~O~3~, Pt/Al~2~O~3~, and Ga~37~Pt/Al~2~O~3~ during propane dehydrogenation using infrared (IR) spectroscopy with the use of CO as probe molecule. CO is well-known to adsorb on noble metals, and interpretation of its IR signature offers detailed insights into the coordination and electronic environment of the noble metal binding partner. Recently, SCALMS model systems were also prepared under ultrahigh vacuum (UHV) conditions, and the systems were characterized by IR spectroscopy of adsorbed CO.^[@ref20]^

In the present work, we combine diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and online gas chromatography (GC) measurements to correlate catalyst performance and the presence of surface sites during the dehydrogenation reaction. Density-functional theory (DFT)-based ab initio molecular dynamics (AIMD) simulations are used to investigate the surface composition of the catalyst and to assign the CO signals obtained. This approach helps in the understanding of the spectroscopic properties of CO adsorbed during propane dehydrogenation on SCALMS.

2. Experimental Procedures, Setups, and Materials {#sec2}
=================================================

2.1. Experimental Setup {#sec2.1}
-----------------------

The DRIFTS measurements were conducted using a high-temperature reactor chamber and Praying Mantis diffuse reflectance accessory (both from Harrick). The reactor chamber is equipped with CaF~2~ windows and was modified with a type K thermocouple that measures the temperature directly in the catalyst powder. The reactor and DRIFTS accessory are placed in a home-built extension of a Bruker Vertex 80v spectrometer that provides all electrical and gas dosing feedthroughs required. This setup allows keeping the optical path and sample compartment evacuated during the experiment, leading to improved long-term stability. The spectrometer is equipped with a KBr beam splitter and a liquid N~2~ HgCdTe detector. All spectra were recorded using an acquisition time of 1 min and 2 cm^--1^ spectral resolution. The pressure in the gas line system can be adjusted between 1 mbar and 20 bar using three pressure controllers (Bronkhorst) working in different pressure regimes. Five different gases can be dosed via mass flow controllers (Bronkhorst) using a flux between 0.2 and 20 mL~N~/min.

The online GC measurements were performed using an Agilent 7890A GC with 1 mL sample loop (split ratio 5:1), a GS-GasPro capillary column (Agilent Technologies, length 30 m, inner diameter 0.32 mm), and a flame ionization detector (FID). The GC oven was constantly kept at 70 °C, which allows for sufficient separation of the signals.

The complete setup can be operated in a programmed and automatized way. This makes it possible to perform accurate and simultaneous changes in temperature, pressure, and gas composition and reproduce temperature profiles in a reliable way on different samples.

Ar (Linde, \>99.999%) and propane (Linde, \>99.5%) were used without further purification. CO (Linde, \>99.997%) was passed through two consecutive carbonyl traps (catalytic trap from LPM and Gaskleen II Purifier from Pall Corporation) to ensure a Ni- and Fe-carbonyl-free gas feed.

The complete setup is depicted in the Supporting Information ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf)). It is optimized for the in situ and operando investigation of catalysts; however, trends concerning catalytic conversion and selectivity are in good agreement with reactor experiments, e.g., from a tubular fixed-bed reactor.

2.2. Experimental Procedure and Data Treatment {#sec2.2}
----------------------------------------------

Three Ga~*x*~Pt~*y*~/Al~2~O~3~ samples with varying Ga:Pt ratio and a pure Al~2~O~3~ sample were treated with the same experimental procedure described in this section. The composition of the samples, their Ga:Pt ratio, and expected melting temperature in the experiment are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Composition of Examined Samples Obtained from ICP--AES and Expected Melting Temperatures

  sample        metals                                         support     expected melting temperature
  ------------- ---------------------------------------------- ----------- ---------------------------------------
  Al~2~O~3~                                                    Al~2~O~3~    
  Ga            7 wt % Ga                                      Al~2~O~3~   RT[a](#tbl1-fn1){ref-type="table-fn"}
  Pt            0.38 wt % Pt                                   Al~2~O~3~    
  Ga~37~Pt~1~   8.9 wt % Ga, 0.67 wt % Pt (37:1 molar ratio)   Al~2~O~3~   270--330 °C^[@ref13],[@ref21]^

RT: room temperature.

Each sample was first reduced in 1 bar CO at 450 °C to remove the passivation layer present on the material. The DRIFTS background spectrum was recorded after cooling to 200 °C and removal of the CO gas phase in 1 bar Ar with an acquisition time of 10 min. The following procedure was performed in automatized mode. Each sample was probed during heating from 200 to 450 °C in steps of 50 °C and cooling back to 200 °C in the same fashion. At each temperature step, a sequence of five subsequent pulses of Ar/CO in propane was applied, each terminated by a short evacuation period. A scheme of the procedure is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. At first, 10% Ar in propane was dosed for 19 min at 1 bar, followed by removal of the gas phase from the reactor in vacuo (∼1 mbar) for 1 min. Second, CO in propane was dosed (10% CO, 19 min) and removed (evacuation to ∼1 mbar for 1 min) in the same way. The sequence consisting of the two gas pulses and evacuation was repeated five times at each temperature (11 temperature steps in total).

![Schematic representation of the experimental procedure applied in the operando DRIFTS experiments.](cs8b04578_0001){#fig1}

For a study of the CO adsorption on the Pt-containing catalysts in the absence of propane, similar ramps were conducted with pure Ar and 10 vol % CO in Ar at 1 bar.

GC injections were performed 15 min after dosing of Ar/propane or CO/propane to evaluate the conversion of propane and the selectivity toward propene. Note that the calculated selectivity values obtained at low conversion are more prone to experimental errors and, therefore, not shown below. For details about the data evaluation, we refer to the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf).

DRIFTS spectra were constantly recorded during the procedure, but only selected ones are shown below. The procedure helps to characterize the metal surface sites with the help of CO as a probe molecule. The adsorbate signals are best seen in the absence of gas-phase CO, but a compromise has to be found between complete removal of CO from the gas phase and desorption of CO upon evacuation, especially at elevated temperatures. As indicated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, all spectra presented were recorded immediately after removal of the CO/propane feed. The adsorbate signals are clearly visible in the spectra selected, but the spectra also show a noticeable CO gas-phase signal. The residual CO gas-phase signal was removed from the spectra using a suitable data treatment including a low pass filter.^[@ref22]^ For details we refer to the Supporting Information ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf)). The removal of the high-frequency rotational part of the CO gas-phase signal finally yields the spectra of adsorbed CO. The spectra were normalized to compensate for thermally induced changes in reflectivity (see Xu et al.^[@ref23]^) and baseline-corrected.

2.3. Catalyst Preparation {#sec2.3}
-------------------------

All reactions requiring protective atmosphere were carried out using standard Schlenck techniques. All reagents were commercial and used as received. The Pt and Ga content of the catalyst samples, and their ratio, was determined by inductively coupled plasma--atom emission spectroscopy (ICP--AES) using a Ciros CCD instrument (Spectro Analytical Instruments GmbH). The solid samples were digested with concentrated HCl:HNO~3~:HF in a 3:1:1 ratio in volume, using microwave heating up to 220 °C for 40 min. (CAUTION: HF solutions and vapors are extremely toxic, all manipulation has to be carried in a very efficient fume hood, wearing protective clothes, gloves, goggles.) The instrument was calibrated for Pt (241.423 nm) and Ga (417.206 nm) with standard solutions of the relevant elements prior to the measurements.

### 2.3.1. Preparation of Et~3~NGaH~3~ {#sec2.3.1}

This compound was synthesized using a literature-described procedure^[@ref24]^ using triethylammonium chloride (Sigma-Aldrich) instead of trimethylammonium chloride. The compound was not isolated and used as ethereal solution. The Ga content of this solution was determined as follows: 1 mL of ethereal solution was quenched in 10 mL of HCl (∼2 M), and the resulting mixture was shortly boiled to evaporate the diethyl ether. The homogeneous solution was then diluted to 500 mL and the Ga content determined by ICP--AES.

### 2.3.2. Preparation of Metallic Ga Decorated Alumina {#sec2.3.2}

A 100 g portion of neutral alumina (Sigma-Aldrich, mostly γ-alumina) was heated under vacuum (1 mbar) at 350 °C overnight in a 500 mL Schlenck flask. After the system was cooled, the material was suspended in 150 mL of dry diethyl ether, under argon. An ethereal solution of Et~3~NGaH~3~ was added to this suspension in such an amount to obtain the desired theoretical Ga loading (7--10% w/w of Ga) with respect to the support. The ether was removed under vacuum at ca. −30 °C. After complete removal of diethyl ether, the flask was quickly (ca. 10 °C/min) heated up to 300 °C and held at this temperature until no gaseous products were observed any longer. Et~3~NGaH~3~ thermally decomposes cleanly to metallic Ga, Et~3~N, and H~2~, and the volatile/gaseous components are completely removed in vacuum. Once the gallane decomposition terminated, the resulting gray solid was held at this temperature under vacuum (1 mbar) overnight and then cooled and stored under argon. The vapor pressure of the metallic Ga deposit is considered negligible under the conditions applied during the operando IR experiment (10^--11^ mbar at the highest operation temperatures in this work).^[@ref25]^ For further details on the experimental procedure see ref ([@ref9]).

### 2.3.3. Preparation of Pt/Ga-Decorated Material {#sec2.3.3}

The deposition of Pt was obtained by partial galvanic displacement of metallic Ga by Pt^2+^. To this purpose, 3 g of Ga/Al~2~O~3~ (9.8% w/w Ga) was suspended in 10 mL of distilled water under vigorous stirring. A 17.9 mL portion of a stock solution of Pt(NO~3~)~2~ (with a nominal Pt concentration of 1 mg/mL) in distilled water was added to this suspension. The resulting suspension was held under stirring for 15 min; then, the solid was filtered, and the material was thoroughly washed with distilled water (500 mL). The resulting solid was dried in an oven at 130 °C overnight. The structure of the Ga~37~Pt~1~/Al~2~O~3~ sample was investigated by SEM/EDX (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf) for details). For a detailed investigation on structurally similar Pd--Ga systems, we refer to our previous publication.^[@ref9]^

2.4. Computational Details {#sec2.4}
--------------------------

DFT calculations were carried out using the VASP code with periodic boundary conditions. The projector augmented wave (PAW) method was chosen together with a plane wave basis set.^[@ref26]−[@ref28]^ Exchange-correlation effects were treated within the generalized gradient approximation (GGA) approach employing the Perdew--Burke--Ernzerhof (PBE) functional^[@ref29]^ in combination with the D3 correction of Grimme et al.^[@ref30]^ to investigate adsorption processes.

AIMD simulations were performed to characterize the GaPt catalyst and to study the CO adsorption behavior. Two approaches were tested and compared. First, a periodic surface slab model using a tetragonal unit cell (12.69 × 12.69 × 36.15 Å) containing 178 Ga and 2 Pt atoms, separated by at least 10 Å of vacuum to model the liquid--vacuum interface was generated in analogy to refs ([@ref9] and [@ref31]). Since liquid nanodroplets were previously observed in SCALMS experiments, we furthermore generated liquid GaPt nanoparticle (NP) models (Ga~135~, Ga~132~Pt~3~, and Ga~125~Pt~10~) and compared the results to the slab system. The NPs were placed in a periodic box with at least 10 Å of vacuum in all spatial directions to decouple periodic images (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf)). For systems with and without adsorbates, a kinetic energy cutoff for the plane wave basis of 450 and 300 eV was chosen, respectively. The equations of motion were integrated with a Verlet algorithm in time steps of 10 fs for surfaces/NPs without adsorbates, while for systems containing CO the time step was reduced to 2 fs. All systems were equilibrated for at least 5 ps before production runs were performed using a Nosé--Hoover thermostat^[@ref32]^ to simulate a canonical ensemble at 450 °C. A Fermi-smearing was chosen with a smearing width corresponding to the temperature conditions.^[@ref33]^ Γ-containing 2 × 2 × 1 *k*-point meshes were employed for the surface slab models, while for NPs only the Γ-point was sampled. Energy conservation during the AIMD run was ensured by an SCF convergence criterion of 10^--7^ eV. For an investigation of the Pt distribution in the liquid catalyst, three trajectories were simulated (each for at least 520 ps), and results were averaged. In general, for all mentioned AIMD simulations at least two independent trajectories were simulated to compare the results.

CO adsorption was studied by placing CO molecules at Pt sites located at the Ga surface in the beginning of the calculation. In the case of the slab approach one CO molecule with the corresponding Pt was located at each surface. In the NP model, three CO molecules were placed at the surface with large CO--CO separations. Subsequently, vibrational power spectra were computed using the trajectory analyzer code TRAVIS^[@ref34],[@ref35]^ by calculation of the Fourier transform of the velocity--velocity autocorrelation function. The power spectra of five trajectories were averaged, each running for 35 ps in the case of the slab approach. For the NP models, two trajectories were simulated (each with three adsorbed CO molecules) for 35 ps.

We evaluated the coverage dependence of the CO stretch frequency by calculating vibrational frequencies for CO adsorbed on solid Pt(111) and Pt(211) surfaces to obtain results for terrace and edge sites, respectively. On that account, super cells with varying size were generated for Pt(111), namely, a c(4 × 2) structure with one CO at an on-top and one CO at a bridge position (0.5 ML) to investigate high coverage, a (√3 × √3 R30°) cell with one CO adsorbed on-top (0.33 ML), and (4 × 4) as well as (5 × 5) geometries with CO adsorbed on-top for low coverage (0.0625 and 0.04 ML). For Pt(211) (1 × 2) and (2 × 4), super cells with CO adsorbed on-top of Pt edge atoms were generated to investigate high and low coverage, respectively. Slab models consisted of six layers of Pt, where three bottom layers were kept to the bulk geometry during geometry optimization while three surface layers were allowed to relax. The first Brillouin Zone was sampled using a 21 × 21 × 21 *k*-point mesh for the optimized bulk geometry with a lattice constant of 3.92 Å, and corresponding sizes were used for the super cells together with a Methfessel--Paxton-smearing of first order with a smearing parameter of σ = 0.2 eV.^[@ref36]^ For all geometry optimizations an energy converge criterion of 10^--8^ eV was chosen, and geometries were relaxed until the forces on all atoms were smaller than 0.01 and 0.001 eV/Å for surfaces with and without adsorbates, respectively. The cutoff for the plane wave basis was set to 480 eV. Furthermore, a polyhedral Pt~201~ NP was generated exhibiting large (111) and small (100) facets to compare experimental results for the pure Pt catalyst (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf)). Here, on-top adsorption of CO was tested for edge, corner, and terrace Pt sites for (111) facets. Vibrational frequencies of the aforementioned geometries were computed using a finite differences approach by displacing all corresponding atoms by 0.01 Å in all spatial directions. The Bader approach was used to calculate atomic charges from an all-electron charge density.^[@ref37],[@ref38]^

The influence of coadsorbates on the CO vibrational frequency was assessed using a solid model system, namely, a fcc-Ga(100) slab (computed bulk lattice constant: 4.18 Å) with an additional Pt atom adsorbed in surface hollow position in analogy to the isolated active Pt center in the liquid. Γ-including 25 × 25 × 25 and 8 × 8 × 1 *k*-point meshes were employed for the bulk and the (3 × 3 × 3) super cell containing 6 layers (three fixed to the bulk geometry and three free to relax). The remaining setup was chosen as described for the Pt(111) system. Subsequently, CO was adsorbed on top of the Pt surface atom together with different coadsorbates in its vicinity, namely, one or two H atoms as well as propane, propene, and a propyl residue. The corresponding structures are shown in the Supporting Information ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf)). Densities of states (DOS) were computed using an increased *k*-point mesh (26 × 26 × 1) in combination with the tetrahedron method with Blöchl corrections.^[@ref39]^

3. Results and Discussion {#sec3}
=========================

During the operando experiments, a total of five pulses carrying Ar/CO in propane were applied. The analysis showed that the GC and IR data are highly reproducible at each temperature step, which underlines the stability of the system and the accuracy of the automatized procedure. Hence, the figures presented in this section show IR spectra and conversion/selectivity values averaged over the five gas pulses. Concerning the IR spectra, only data recorded during the Ar-containing pulse are considered. As [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates, GC pulses are averaged separately during dosing of Ar/propane and CO/propane, to investigate the influence of CO on the catalytic performance.

3.1. Characterization of the GaPt Catalyst by DFT {#sec3.1}
-------------------------------------------------

Similar as in our previous work, we performed DFT calculations to obtain insight into the surface composition and Ga/Pt distribution.^[@ref9]^ Different models were investigated: a liquid slab model containing 178 Ga atoms and 2 Pt atoms, a pure Ga~135~ nanoparticle (NP), a Ga~132~Pt~3~ NP and a Ga~125~Pt~10~ NP (see [section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"}). In [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf) the densities of the pure Ga and the high-Pt-content Ga~125~Pt~10~ NPs are plotted as a function of the distance from the NP center. We observe similar effects as in our previous work, where only slab models were utilized to examine the catalyst structure. In particular, we find a layering of the two species for both types of NPs. Furthermore, Pt is depleted at the surface but shows an enhanced concentration in the subsurface region. Previously, we suggested that the Pt atoms are still able to reach the surface because of the high mobility in the liquid sample at elevated temperatures, where they act as single-atom catalytic centers. This effect is indeed observable in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, where the temporal evolution of the distance from the NP center is plotted for two Pt atoms in Ga~132~Pt~3~ which were initially located at the surface. In the beginning of the simulation, the Pt atoms quickly leave the surface. However, as time evolves they emerge at the surface from time to time, available for approaching reactants. The same behavior is found for our slab model, where one Pt atom is initially located at each surface of the slab. Again, the Pt atoms leave the surface directly in the beginning of the AIMD run which reflects the tendency for surface depletion ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf)). The rate of appearance at the surface will depend on several factors, e.g., the size of the NP and the mobility of the atoms, which in turn depends on the temperature and the composition of the catalyst. When the temperature is higher, the mobility of the atoms is higher, and thus, the ability of Pt to reach the surface is higher. In addition, the residence time of Pt at the surface can be strongly influenced by adsorbates, as further described in the following section.

![Distance from the NP center for two selected Pt atoms as a function of time as obtained in ab initio molecular dynamics (AIMD) simulations. The Pt atoms were initially located at the surface: (a) without adsorbed CO, (b) with adsorbed CO. The Ga density (a.u., arbitrary units) is plotted for comparison; the dashed line resembles the first maximum in the Ga density.](cs8b04578_0002){#fig2}

3.2. CO Adsorption on Pt/Al~2~O~3~ and Ga~37~Pt/Al~2~O {#sec3.2}
------------------------------------------------------

The position of the IR bands arising from the CO probe molecule depends on the noble metal sites available, on the CO coverage, and on electronic effects induced by coadsorbates.^[@ref40],[@ref41]^ To be able to identify the influence of hydrocarbons in the operando experiment, we first tested the adsorption of CO on Pt samples with and without Ga in the absence of propane.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the DRIFT spectra obtained after CO dosing and subsequent removal of the gas phase at 200, 300, and 400 °C on Pt/Al~2~O~3~ and Ga~37~Pt/Al~2~O~3~. The Pt/Al~2~O~3~ sample shows a pronounced peak at 2062 cm^--1^. A shoulder at 2075 cm^--1^ can be seen at 200 °C. The signals can be attributed to on-top features on Pt, which shift to lower wavenumbers upon heating because of a decrease of the CO coverage.^[@ref40],[@ref42]^ As the coordination number of the Pt atom influences the exact position of the band, one can differentiate, for example, between Pt terraces and defect sites like steps, edges, or corners.^[@ref42],[@ref43]^ At temperatures above 200 °C differentiation between distinct sites is not possible.

![DRIFT spectra obtained during CO adsorption on two Pt-containing catalysts, namely, Pt/Al~2~O~3~ and Ga~37~Pt/Al~2~O~3~.](cs8b04578_0003){#fig3}

The spectra obtained from Ga~37~Pt/Al~2~O~3~ show a single peak at 2075 cm^--1^ that undergoes a constant shift to 2056 cm^--1^ upon heating. This shift can again be ascribed to coverage-related effects. Nevertheless, it should be stressed that the total area of the CO peak, which can serve as a measure for the CO coverage, is rather stable with increasing temperature, in contrast to the trend observed for Pt/Al~2~O~3~. This can be explained by CO coupling and mobility as described more thoroughly below. According to the Ga--Pt phase diagram, the 37:1 molar mixture of Ga and Pt melts at temperatures between 270 and 330 °C, i.e., within the temperature range of the experiment.^[@ref13],[@ref21]^

We conducted DFT calculations for CO on different Pt systems, namely, Pt(111), Pt(211), and Pt~201~ NPs, to investigate the shifts of the vibrational frequencies of CO on terrace, edge, and defect sites. The results from DFT are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and compared to the experimental data from the literature to obtain a well-defined reference for our GaPt system.^[@ref44]−[@ref46]^ Upon comparison of the data for Pt(111) and Pt(211), it is obvious that computed values for the CO stretching frequency underestimate the experimental findings for both surfaces. This is a well-described phenomenon for PBE-derived frequencies and can be corrected for by scaling factors depending on the system.^[@ref20],[@ref47]−[@ref49]^ The data in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} furthermore show that this scaling is not equal for all coverages, but rather dependent on the CO--CO distance. We observed a similar behavior for the CO adsorption on Pd(111) in our previous work.^[@ref15]^ While at higher coverage (0.5 ML) the calculated frequencies are only 21--24 cm^--1^ smaller than the experimental ones, the difference becomes larger at low coverage (34 cm^--1^), both for Pt(111) and Pt(211). Hence, for smaller CO--CO distances the DFT-derived frequencies are shifted by 24 cm^--1^, and for larger distances (\>9 Å) by 34 cm^--1^.

###### Comparison of Experimental and Calculated C--O Stretching Frequencies for Different Pt Systems

  coverage                                               experimental frequency \[cm^--1^\]   calculated frequency (shifted) \[cm^--1^\]       difference \[cm^--1^\]   CO--CO distance (DFT)
  ------------------------------------------------------ ------------------------------------ ------------------------------------------------ ------------------------ -----------------------
  Pt(111),[a](#tbl2-fn1){ref-type="table-fn"} ≥0.50 ML   2109--2110                           2086 (2110)[c](#tbl2-fn3){ref-type="table-fn"}   23--24                   ≤3.61
  Pt(111),[a](#tbl2-fn1){ref-type="table-fn"} 0.33 ML    2100                                 2079 (2103)                                      21                       4.80
  Pt(111),[a](#tbl2-fn1){ref-type="table-fn"} ≤0.1 ML    2094--2096                           2060--2062 (2094--2096)                          34                       ≥8.75
  Pt(211),[b](#tbl2-fn2){ref-type="table-fn"} high       2077                                 2053 (2077)                                      24                       5.54
  Pt(211),[b](#tbl2-fn2){ref-type="table-fn"} low        2071                                 2037 (2071)                                      34                       11.08
  Pt~201~, corner                                                                             2022 (2056)                                                                
  Pt~201~, edge                                                                               2029 (2063)                                                                
  Pt~201~, terrace                                                                            2062 (2096)                                                                

Ref ([@ref44]).

Refs ([@ref45] and [@ref46]).

Calculated at 0.5 ML.

Additionally, we examined a Pt~201~ polyhedral NP (*d* ∼ 1.7 nm) (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf)) with large (111) and small (100) facets. Adsorption of one CO molecule on the (111) facet reveals that the size of the terrace is large enough to be comparable to the perfect (111) surface, as indicated by a vibrational frequency of 2096 cm^--1^ after shifting \[Pt(111): ≤0.1 ML 2094--2096 cm^--1^\]. We further probed different adsorption sites, namely, edges and corners, with the aim to assign the experimentally measured signals. We obtained shifted CO stretching frequencies of 2096, 2063, and 2056 cm^--1^ for terrace, edge, and corner sites, respectively. According to Greenler et al., high-, intermediate-, and low-coordinated sites like terraces, steps, and corners lead to features at \>2080, 2070, and 2060 cm^--1^, respectively.^[@ref50]^ Accordingly, we may assign the band at ∼2062 cm^--1^ to Pt corner atoms and the high-frequency shoulder at 2070 cm^--1^ to edge sites.^[@ref22]^ This is in line with our theoretical prediction, because the difference between the calculated frequencies of the two sites (Δ = 7 cm^--1^) is in close agreement with experiment (Δ = 8 cm^--1^). Note however that only one single CO molecule is adsorbed in the theoretical model, while the experimental coverage is higher, and increasing CO--CO interactions cause a blue-shift of the frequencies. Additionally, the experimental situation is far more complex, and thus, it is likely that the two signals do not evolve exclusively from corner and edge sites but are a mixture of different sites on (111) and (100) facets from NPs with varying size.^[@ref51]^

The results of our AIMD simulations at 450 °C for CO adsorption on Pt surrounded by liquid Ga at the surface and the liquid Ga~132~Pt~3~ nanodroplet are depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Independent of the model, both the surface and the NP show one peak for the CO stretching vibration at 2041 and 2040 cm^--1^, respectively, in agreement with experiments. Because of the large distance between the CO molecules (\>10 Å), the frequencies were shifted by 34 cm^--1^ in analogy to the Pt(111) and Pt(211) surfaces. Furthermore, we probed the temperature dependence of the vibration by simulating the CO--Pt--Ga slab at a lower temperature of 227 °C. Here, the mean square displacement as a function of time still indicates that the system is liquid (which is expected because of the low Pt concentration in the slab: 2 Pt in 178 Ga atoms). We obtained a vibrational frequency of 2051 cm^--1^ after shifting, suggesting that, in addition to coverage-related effects, the CO vibrational frequency also depends on temperature. This shift is one possible reason for the shifts of the band position observed in the experiments, even though the peak area remained almost unchanged. At large CO--CO separation, no coverage-related shift should be present, and the bands are further red-shifted because of temperature effects. Additionally, higher temperatures might lead to an enhanced mobility of the atoms in the liquid, which could be the reason for the Pt appearing at the surface more frequently. The latter effect would also give rise to an enhanced peak area. From the AIMD simulation it can be observed that the CO molecules are able to retain Pt at the surface. The situation is depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b where the distance of Pt from the NP center is plotted as a function of time. In all cases, the CO molecule keeps the Pt atoms at the surface for the whole simulation time. Additionally, new Pt atoms can occur dynamically at the surface, thus further increasing the Pt surface concentration.

![Vibrational spectra for the CO vibration on the Ga~132~Pt~3~ NP (left) and the slab model (right) calculated from the velocity--velocity autocorrelation function of AIMD simulations. Ga, Pt, C, and O are depicted in blue, silver, black, and red, respectively.](cs8b04578_0004){#fig4}

3.3. Pristine Al~2~O~3~ {#sec3.3}
-----------------------

A pure Al~2~O~3~ sample was examined to evaluate the intrinsic activity of the reactor during the operando measurements. Even in the absence of catalytically active material, we expect some cracking of propane on the stainless-steel reactor walls, especially at high temperatures. Moreover, hydrocarbon impurities in the propane gas feed like methane, ethane, or butane may affect the conversion data.

As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the nominal conversion does not reach values below 0.1%, mostly because of impurities in the gas feed. At 450 °C values up to 0.18% are calculated mainly because of cracking at the hot reactor walls. The conversion is slightly higher during the propane pulses containing Ar than those containing CO.

![(top panel) Operando DRIFT spectra recorded on the Al~2~O~3~ sample at selected temperatures. (bottom panel) Conversion of propane for the Al~2~O~3~ sample.](cs8b04578_0005){#fig5}

The background activity depends on the experimental setup, procedure, and gas feed. To deal with the background activity, the data for the Ga~*x*~Pt~*y*~/Al~2~O~3~ samples were corrected. To that aim, the integrated GC peak areas recorded in the blind experiment with Al~2~O~3~ were subtracted from the peak areas obtained for metal-containing samples. The procedure is illustrated in the Supporting Information in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf).

In the DRIFT spectra depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, no peaks are found in the CO region. This observation confirms that all peaks detected on the Ga~*x*~Pt~*y*~/Al~2~O~3~ samples are due to adsorption of CO on metals.

3.4. Ga/Al~2~O~3~ {#sec3.4}
-----------------

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} depicts the carbonyl region obtained from the Ga/Al~2~O~3~ sample. No peaks are observed during the experiment. Evaluation of the GC data shows propane conversion above 350 °C, reaching ∼1.1% at 450 °C with \>90% selectivity toward propene. Conversion and selectivity are similar in the presence of CO and Ar.

![(top panel) Operando DRIFT spectra recorded on the Ga/Al~2~O~3~ sample at selected temperatures. (bottom panel) Conversion of propane and selectivity toward propene for the Ga/Al~2~O~3~ sample (lines are guides to the eye).](cs8b04578_0006){#fig6}

The catalytic activity cannot be ascribed to the presence of fully metallic (reduced) Ga, as Ga^0^ is known to be inactive toward dehydrogenation of alkanes.^[@ref6]^ Oxidic Ga^3+^, however, is a well-known dehydrogenation catalyst and used for propane dehydrogenation, for example, in combination with Pt as a promoter.^[@ref5]^ It is assumed that tetrahedrally coordinated Ga^3+^ ions are the active sites for C--H activation in these dehydrogenation reactions.^[@ref3],[@ref5],[@ref6]^ Taking this into account, we attribute the catalytic activity observed to residual oxidic Ga, probably Ga^+^ species.^[@ref52]^

In the presence of noble metals full reduction is achieved, which can be explained by spillover of hydrogen species from the noble metal to the oxidic Ga.^[@ref53]−[@ref55]^ Therefore, the catalytic activity of mixed Ga~*x*~Pt~*y*~ samples can solely be attributed to Pt species.

3.5. Pt/Al~2~O~3~ {#sec3.5}
-----------------

In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} we show the data obtained from the Pt/Al~2~O~3~ sample. A pronounced peak is present in the DRIFT spectra, which shifts from ∼2050 to ∼2000 cm^--1^ upon heating. This shift is reversed upon cooling. Interestingly, the CO feature is narrower after cooling back to 200 °C as compared to the beginning of the heating ramp.

![(top panel) Operando DRIFT spectra recorded on the Pt/Al~2~O~3~ sample at selected temperatures. (bottom panel) Conversion of propane and selectivity toward propene for the Pt/Al~2~O~3~ sample (lines are guides to the eye).](cs8b04578_0007){#fig7}

Comparison of the spectra recorded at 200 °C after dosing of CO ([section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"} and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) and of CO/propane ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) shows that the presence of propane leads to a red-shift of the CO band (Δ ≈ 20 cm^--1^). The shift to lower wavenumbers may be associated with the presence of σ-bound hydrocarbon coadsorbates, which leads to enhanced π-back-donation from the metal surface to the CO molecule.^[@ref56]^ On the basis of DFT calculations, this effect will be more thoroughly discussed for the GaPt example in the next section.

The GC data show a striking difference between the CO- and Ar-containing propane pulses. In Ar/propane, the conversion increases quickly from ∼0.05% to ∼0.2% by heating from 200 to 350 °C. Virtually no conversion is found for Pt/Al~2~O~3~ in CO/propane upon heating to 350 °C. At 400 °C the conversion increases, but it is still evident that the activity is higher in Ar. At 450 °C, a similar value of ∼0.4% conversion is reached for both types of gas feeds with selectivity of \>95%. Interestingly, similar behavior is found during cooling in Ar/propane and in CO/propane, respectively. Here, the conversion drops to values below 0.1% at 400 °C. In general, the trend during cooling resembles the behavior during heating in CO/propane.

The lower catalytic activity in the presence of CO upon heating the Pt/Al~2~O~3~ sample can be explained by CO poisoning. It is well-known that catalytically active sites on Pt are occupied because of the strong adsorption of CO, and thus, adsorption and conversion of hydrocarbons like propane or ethylene is hindered.^[@ref56],[@ref57]^ At temperatures below 400 °C during heating, some sites that lead to conversion of propane in Ar are blocked in the presence of CO. At 400 °C and above, Pt/Al~2~O~3~ is catalytically active even in the presence of CO. This observation indicates that CO is desorbed from the active Pt sites at these temperatures. The fact that the Pt/Al~2~O~3~ catalyst is poisoned upon cooling even in the absence of CO can be explained by carbon formation during the experiment.

Extensive studies on CO and carbon poisoning have been performed in the past to elucidate which sites are affected the most and to clarify the effects of selective poisoning on conversion and selectivity. It was reported that intermediate-coordinated Pt sites (steps, edges) and low-coordinated atoms (corners, apex atoms) are highly active for propane conversion, but also for dehydrogenation and the formation of cracking products.^[@ref7],[@ref58]^ Arteaga et al. showed that corner/apex atoms were resistant toward coking, but edge sites were heavily poisoned as they not only lead to hydrocarbon decomposition, but also provide suitable binding sites for adsorbed carbon.^[@ref59]^

Following these arguments, we propose that initial conversion of propane during the Ar/propane pulses is due to reaction at Pt edges where carbon formation is likely to occur. This implies that a substantial amount of the most active Pt sites is selectively poisoned with carbon already at 400 °C during the heating ramp. Further conversion is expected to occur on the leftover sites (such as corner/apex sites) which are less affected by carbon formation. As a result, the conversion during cooling in Ar/propane is lower as compared to the heating ramp where the Pt edge sites were still available.

The smaller bandwidth of the on-top CO peak in the DRIFT spectra can also be explained by selective blocking of Pt sites. CO adsorption on a heavily coked catalyst, however, is known to give rise to smaller and red-shifted signals.^[@ref59]^ This is not found in the present experiment. Only a minor loss of band intensity is observed when comparing the spectra before and after the reaction procedure at 200 °C. Thus, we conclude that only a small amount of the total Pt surface is poisoned by carbon.

3.6. Ga~37~Pt~1~/Al~2~O~3~ {#sec3.6}
--------------------------

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} depicts the DRIFT spectra obtained from the Ga~37~Pt/Al~2~O~3~ sample and the corresponding conversion and selectivity data. The spectra show a single peak at 2049 cm^--1^ at the beginning of the experiment at 200 °C. Upon heating to 300 °C, a shift to lower wavenumbers (2032 cm^--1^) is observed. Further heating leads to a shift to higher wavenumbers again and to the formation of a shoulder at 2071 cm^--1^. During cooling, the peak center of the main contribution stays at 2046 cm^--1^ and the high-frequency shoulder at 2071 cm^--1^ decreases in intensity. The peak obtained after cooling to 200 °C is less intense as compared to the one obtained at the beginning of the experiment.

![(top panel) Operando DRIFT spectra recorded on the Ga~37~Pt~1~/Al~2~O~3~ SCALMS sample at selected temperatures. (bottom panel) Conversion of propane and selectivity toward propene for the Ga~37~Pt~1~/Al~2~O~3~ SCALMS sample (lines are guides to the eye).](cs8b04578_0008){#fig8}

As discussed above, CO does not adsorb on the Al~2~O~3~ support and on the reduced Ga phase. Furthermore, Ga hydride peaks were not detected under our experimental conditions, which would be expected to appear in the 1980--2020 cm^--1^ range.^[@ref60]^ Thus, the peaks observed in the spectra originate from Pt species in the Ga matrix exclusively and can be attributed to on-top bound CO.

In contrast to the Pt/Al~2~O~3~ sample, conversion and selectivity show the same trend in Ar- and CO-containing propane pulses in the case of Ga~37~Pt/Al~2~O~3~. No conversion is observed below 350 °C. At 350 °C and above, a steep increase in activity is observed, with a maximum of 3.7% propane conversion at 450 °C. High selectivity toward propene is observed at temperatures above 350 °C. The selectivity at 450 °C (∼90%) is slightly smaller compared to the values obtained at 400 °C (∼95%). Conversion and selectivity show the same trend during the heating and cooling ramp.

According to the Ga--Pt phase diagram, the 37:1 molar mixture melts at temperatures between 270 and 330 °C.^[@ref13],[@ref21]^ The expected melting temperature matches the onset of the steep increase in conversion. We emphasize that, at temperatures above 350 °C, where the Ga~37~Pt mixture is clearly in the liquid state and shows the highest propane conversion, we still observe clear CO peaks in the DRIFT spectra. As [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows, the catalytic performance of the G~37~Pt/Al~2~O~3~ sample is not changed by the presence of CO as compared to the Ar-containing pulses, which in consequence means that the SCALMS system is not affected by CO poisoning. The fact that we observe CO adsorbates at temperatures where the Ga~37~Pt mixture is liquid, catalytically active, and shows no signs of CO poisoning suggests that the Pt species probed by CO are indeed the catalytically active sites in the SCALMS.

The blue-shift of the CO band observed upon heating from 300 to 450 °C indicates that the environment of the Pt sites is different from the conventional Pt catalyst, where a shift to lower wavenumbers is observed.^[@ref61]^ It is noteworthy that the behavior is also in contrast to what is observed on the same SCALMS in pure CO (see [section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"} and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). We conclude that the blue-shift and the appearance of the high-frequency shoulder are associated not only with the formation of the liquid metal solution, but also with the presence of propane.

The spectra point to the coexistence of GaPt aggregates in a slightly different chemical and/or electronic environment, as there are at least two sites visible giving rise to the bands at 2071 and 2046 cm^--1^, respectively. A possible explanation would be associated with the presence of GaPt droplets with different sizes and metal ratios. This explanation is unlikely, however, as we observe only a single peak in the experiments without propane. DFT calculations showed that C--H bond breaking of propane on noble metal atoms at the surface of the SCALMS is followed by diffusion of the residual hydrocarbon species onto the Ga matrix. The hydride species remain adsorbed at the noble metal sites where they can recombine and, finally, desorb as H~2~. We assume that these reactive species may affect the charge distribution and, thereby, may also induce shifts of the CO band.

To explore such effects in more detail, we have performed DFT calculations on model systems. A fcc-Ga(100) surface model with one additional Pt atom at the surface was generated to simulate an isolated Pt site at a SCALMS interface. The calculated charge for Pt in the solid state (without CO, −0.88 e; with CO, −0.65 e) compares very well with the charge of the isolated Pt in the liquid SCALMS \[without CO, −1.00 e (slab), −1.06 e (NP); with CO, −0.68 e (slab), −0.68 e (NP)\], thus validating our solid surface model. Note that the charge on Pt without adsorbed CO is slightly higher in the liquid model,^[@ref62]^ because the Pt does not remain at the surface but is completely surrounded by Ga, while in the solid model system Pt is always located at the surface and thus less coordinated. Furthermore, CO adsorption at the surface Pt atom yields a CO vibrational frequency of 2034 cm^--1^, which is in good comparison to the value computed for the liquid systems at 450 °C (∼2040 cm^--1^).

To understand the peak shifts during the conversion of propane, we study the effect of different coadsorbates on the CO stretching vibration, namely, propane, propene, a propyl residue, and atomic hydrogen. The corresponding adsorption geometries are shown in the Supporting Information ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf)); the vibrational frequencies of CO and charges of participating species are listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. Upon adsorption of the hydrocarbons, the vibrational frequency is shifted to lower wavenumbers. This effect is in qualitative agreement with the experiment. An explanation can be derived from the bonding mechanism of CO to the Pt atom, in the framework of the Blyholder model^[@ref62]^ and the density of states (DOS). In [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, the orbital-resolved DOS of the Pt atom and the CO molecule are depicted before (upper half) and after (lower half) adsorption. According to the Blyholder model, adsorption involves two contributions, namely, electron donation from the CO 5σ orbital to the metal and back-donation from the metal to the CO 2π\* orbital. The latter weakens the CO bond and causes the red-shift upon adsorption.^[@ref62]−[@ref64]^ The scenario is reflected by the changes in the DOS before and after CO adsorption for the case of Pt in Ga. Upon adsorption of CO, the peaks between −11 and −7 eV can be attributed to the interaction between d~*z*~^2^ and d~*xz*~/d~*yz*~ states of the surface and the 4σ, 5σ, and 1π states of CO, respectively. In the regime from −5 eV to the Fermi level, the d contribution from the Pt dominates, and one additional contribution emerges (around −4 eV), which belongs to a hybrid of 1π and 2π\* states of the CO molecule. As this state now lies below the Fermi level, it is occupied and filled by back-donated electrons.^[@ref63]^ The last region above the Fermi level consists of an antibonding hybrid orbital originating from the molecular 2π\* and the d~*xz*~/d~*yz*~ orbitals of the Pt atom. On the basis of this model, we can explain the red-shift upon coadsorption of the hydrocarbons. In fact, their coadsorption leads to increased back-donation from Pt to CO which, in turn, weakens the CO bond. In contrast, coadsorption of atomic hydrogen at the Pt center reduces the negative charge on Pt and, in turn, weakens back-donation and leads to a blue-shift. Thus, the DFT results are in good agreement with the experimental behavior. In general, the CO band is found to be shifted to lower wavenumbers because of the presence of hydrocarbons on the surface. We assume that the same effect can be observed on the pure Pt surface. It is noteworthy that previous studies have shown that, in addition to hydrocarbon coadsorption, hydrogen coadsorption on Pt(111) also weakens the CO bond and leads to a red-shift of the CO frequency.^[@ref65]−[@ref67]^ This is in sharp contrast to the GaPt system where a blue-shift is observed upon hydrogen coadsorption both in experiment and calculation. This difference is caused by the difference in the charge distribution in the GaPt system. Our calculations show that the already negatively charged isolated Pt atom transfers charge to the H adsorbate upon adsorption (∼0.1--0.2 e per H; see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). This reduces the charge at the Pt center which results in a lower back-donation to the CO and thus a blue-shift of the frequency.

![Orbital-resolved electronic density of states (DOS) on Pt model systems before and after adsorption of CO (see text for details).](cs8b04578_0009){#fig9}

###### Shifted CO Vibrational Frequencies and Bader Charges of Corresponding Species for CO Adsorption with Different Coadsorbates

  coadsorbate   vibrational frequency \[cm^--1^\]   charge Pt \[e\]   charge CO \[e\]   charge coadsorbate \[e\]
  ------------- ----------------------------------- ----------------- ----------------- --------------------------
                2034                                --0.65            --0.14             
  1 H           2038                                --0.55            --0.09            --0.13/H
  2 H           2056                                --0.43            --0.07            --0.14/H
  propan        2029                                --0.65            --0.14            --0.04
  propen        2023                                --0.65            --0.16            --0.01
  propyl        2023                                --0.71            --0.12            --0.28

The decrease of frequency upon heating to 300 °C can be related to the decreasing coverage and, hence, decreased CO--CO coupling and interaction. Subsequently, the band position shows a shift to higher wavenumbers again, and the shoulder at 2071 cm^--1^ emerges. We attribute these contributions to changes in the concentration of the different coadsorbates, according to the discussion above. The findings show that by vibrational spectroscopy of adsorbed CO we are able to probe the different chemical and electronic environments as a function of temperature, composition, and coadsorbates on the surface of liquid Ga~37~Pt droplets.

4. Conclusion {#sec4}
=============

In the present study, we show that the active surface sites of a SCALMS can be probed under operando conditions by DRIFTS using CO as a probe molecule. Online GC is used to record the activity both in the absence and in the presence of CO. DFT is used as a tool to identify the nature of the active surface site and its spectroscopic properties. We compare the DRIFT spectra, activity, and selectivity of Al~2~O~3~, Pt/Al~2~O~3~, Ga/Al~2~O~3~, and Ga~37~Pt/Al~2~O~3~ catalysts using identical fully automatized experimental procedures to ensure comparability of the data. The main conclusions can be summarized as follows:(1)On the Ga/Al~2~O~3~ sample, Ga^+^ species reside on the surface after reduction. These residual species are active for the conversion of propane and give rise to conversion of propane in the absence of noble metals. The Ga/Al~2~O~3~ sample is more active than Pt/Al~2~O~3~.(2)Small Pt aggregates on the Pt/Al~2~O~3~ sample expose mainly intermediate- and low-coordinated Pt sites. These sites are active toward propane dehydrogenation at temperatures even below 300 °C. However, their activity is reduced by the presence of CO and through carbon poisoning. In particular, intermediate-coordinated Pt atoms on edge sites are prone to rapid accumulation of coke.(3)The SCALMS catalyst Ga~37~Pt/Al~2~O~3~ explored in this study showed the highest activity of the samples studied, combined with high selectivity to propene (\>90%). We attribute the catalytic activity to isolated Pt atoms in the Ga matrix. The theoretical results show that Pt is depleted at the surface, but dynamically reappears at the surface. By adsorption, the Pt atoms can be retained at the surface. Different SCALMS nanoparticle models were tested in DFT and were shown to yield similar results as the slab models.(4)Using CO as a probe molecule, we demonstrate that it is possible to monitor the active Pt sites under operando conditions without affecting the catalytic performance. Thus, the IR spectra represent the first operando DRIFT spectra of a catalytically active SCALMS system. We identify clear differences in the CO adsorption behavior as compared to the pure Pt catalyst. Specifically, we observe characteristic shifts of CO on isolated Pt sites. The bonding mechanism was investigated by DFT calculations, suggesting that the IR band shifts can be attributed to the presence of hydrocarbon coadsorbates on the Pt--Ga SCALMS. Comparison of the DOS before and after CO and hydrocarbon coadsorption suggests that the band shifts can be qualitatively rationalized on the basis of the Blyholder model. Expectedly, the Pt center in the Ga~37~Pt mixture shows different electronic features with respect to the pure Pt catalyst, as shown by the shift of the CO signal in the presence of hydrogen coadsorbates.

Reactor experiments that examine the catalytic performance of similar SCALMS systems in terms of activity, conversion, and selectivity at temperatures above 450 °C are being performed currently and will be reported in a future publication.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscatal.8b04578](http://pubs.acs.org/doi/abs/10.1021/acscatal.8b04578).Schematic representation of the operando IR setup, post-data-treatment to subtract gas-phase signals, supporting DFT results, analysis of experimental error in GC measurements, GC peak area correction, and SEM/EDX characterization ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04578/suppl_file/cs8b04578_si_001.pdf))
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